2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-inducible poly-ADP-ribose polymerase (TIPARP) is an enzyme that adds a single ADP-ribose moiety to itself or other proteins. Tiparp is highly expressed in the brain; however, its function in this organ is unknown. Here, we used Tiparp -/mice to determine Tiparp's role in the development of the prefrontal cortex. Loss of Tiparp resulted in an aberrant organization of the mouse cortex, where the upper layers presented increased cell density in the knock-out mice compared with wild type. Tiparp loss predominantly affected the correct distribution and number of GABAergic neurons. Furthermore, neural progenitor cell proliferation was significantly reduced. Neural stem cells (NSCs) derived from Tiparp -/mice showed a slower rate of migration. Cytoskeletal components, such as ␣-tubulin are key regulators of neuronal differentiation and cortical development. ␣-tubulin mono-ADP ribosylation (MAR) levels were reduced in Tiparp -/cells, suggesting that Tiparp plays a role in the MAR of ␣-tubulin. Despite the mild phenotype presented by Tiparp -/mice, our findings reveal an important function for Tiparp and MAR in the correct development of the cortex. Unravelling Tiparp's role in the cortex, could pave the way to a better understanding of a wide spectrum of neurological diseases which are known to have increased expression of TIPARP.
Introduction
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-inducible poly-ADP-ribose polymerase (TIPARP; also known as, PARP7/ARTD14/RM1) is expressed in many different tis-sues, including liver, heart, spleen, brain, and reproductive organs (Ma et al., 2001) . TIPARP is one of 17 members of the PARP family that have diverse cellular Significance Statement 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-inducible poly-ADP-ribose polymerase (TIPARP) is an enzyme which adds a single ADP-ribose moiety to itself or other proteins and is highly expressed in the brain. However, its function in this organ remains unknown. Here, we show that Tiparp affects neural progenitor cell proliferation and migration, and its loss leads to aberrant organization of the mouse cortex, predominantly by disrupting the correct distribution and number of GABAergic neurons. Cytoskeletal components, such as ␣-tubulin, are key regulators of neuronal differentiation and cortical development, here, we show that Tiparp is part of a complex that interacts with ␣-tubulin and plays a role in its mono-ADP ribosylation (MAR). Despite the mild phenotype presented by the Tiparp knock-out mouse our findings reveal an important function of MAR by this enzyme in the correct development of the cortex. functions but share a conserved catalytic PARP domain. They use nicotinamide adenine dinucleotide (NAD ϩ ) as a substrate to transfer one or more molecules of ADPribose to specific amino acid residues on target proteins. TIPARP mono-ADP ribosylates itself and other proteins including, TANK-binding protein 1 (TBK1) and the aryl hydrocarbon receptor (AHR; MacPherson et al., 2013; Ahmed et al., 2015) . TIPARP regulates the pluripotency of embryonic stem cells, mediates Type I interferondependent antiviral responses, regulates autophagy and acts as a transcriptional repressor (MacPherson et al., 2013; Roper et al., 2014; Yamada et al., 2016; Han et al., 2018) . It contains an N-terminus, followed by a CCCHzinc finger domain, a WWE (tryptophan-tryptophan-glutamate) domain, and the conserved PARP catalytic domain. Within the N-terminus there is a short nuclear localization sequence which, along with the zinc finger domain, ensures that TIPARP is predominantly found in the nucleus; however, localization of TIPARP varies among cell lines and during different stages of the cell cycle (Vyas et al., 2013; Gomez et al., 2018) . In HeLa cells, TIPARP has a diffuse cytoplasmic localization during mitosis, but it forms nuclear foci during interphase (Vyas et al., 2013) . Moreover, in response to viral infection, reactive oxygen species (ROS), and mitochondrial damage, TIPARP translocates from the nucleus to the cytosol (Kozaki et al., 2017) .
AHR is a ligand responsive transcription factor predominantly studied for its ability to mediate toxic responses of environmental pollutants, such as TCDD (Fernandez-Salguero et al., 1996) . However, it is activated by numerous endogenous ligands and plays important roles in immune function, inflammation, stem cell differentiation, neurologic development and behavior (Stockinger et al., 2014) . It has previously been reported that TIPARP functions as part of a negative feedback loop regulating AHR activity and that Tiparp -/mice exhibit an increased sensitivity to dioxin-induced toxicities primarily due to increased AHR activity (Hutin et al., 2018) .
The effects of TCDD and AHR in neurons, brain and cognitive functions has been investigated in numerous studies (Powers et al., 2005; Hood et al., 2006; Nishijo et al., 2007; Collins et al., 2008; Lin et al., 2008; . TCDD exposure in rodents has been reported to perturb the dendritic morphology of neurons (Kimura et al., 2015) , cortical layer formation (Mitsuhashi et al., 2010) , and neurogenesis in cerebellar granule cells (Collins et al., 2008) . Treated rodents also exhibit a distinct decrease in behavioral flexibility, associate learning, memory, neuronal response to stimuli, locomotor activity and social behavior as well as increased anxiety. The majority of these effects are mediated by AHR, which has an important role in regulating developmental processes required for higher brain function in adulthood . Recently, TCDD treatment was reported to promote migration of astrocytes in an Ahrdependent manner and affect GABAergic neurons resulting in their altered distribution in the medial prefrontal cortex, although the mechanism of action remains elusive (Nguyen et al., 2013; Chen et al., 2019) . In Caenorhabditis elegans, ahr-1, the orthologue of AHR, is implicated in specifying GABAergic neuron cell fate (Huang et al., 2004) .
In humans, children exposed to TCDD and TCDD-like environmental pollutants before birth have impaired higher cognitive functions, which is supported by another report linking exposure to AHR activating poly aromatic hydrocarbons with intelligence in children (Seegal, 1996; Perera et al., 2009 ).
Increased Tiparp expression was observed in rat brains during the developmental formation of the neural network and during long-term potentiation (LTP) in adults (Matsuo et al., 2000) . This suggests that TIPARP functions in brain development and in neuronal plasticity in adulthood, and may represent a key enzyme involved in molecular cascades that lead to structural changes in synaptic connections. Moreover, TIPARP was identified as a highly upregulated protein following trace fear conditioning and in neurologic disorders, such as epilepsy (Steenland, 2010; Dachet et al., 2015) . In an integrated multi-cohort transcriptional meta-analysis of neurodegenerative diseases, TIPARP was shown to be strongly upregulated independently of age (Li et al., 2014) . Despite several reports identifying the TIPARP gene or its product as being elevated in neuronal diseases, there are no studies that investigate the physiologic role of Tiparp in the brain. Unravelling its potential role in the brain could pave the way to better understanding a wide spectrum of neurologic diseases. Herein, we investigated the effects of loss of Tiparp in the mouse cortex.
Materials and Methods

Animals
All experiments were approved by the Norwegian Animal Research authority (FOTS ID 10420). Mice were housed in a 12/12 h light/dark cycle and had access to food and water ad libitum. The Tiparp -/mice where exon 3 of the Tiparp gene was removed were generated in C57BL/6N strain. A full description of the generation of these mice has been previously described (Hutin et al., 2018b) . The animal colony was maintained by breeding heterozygotes and thus strain-specific wild-type (Tiparp ϩ/ϩ ) control mice or Tiparp -/mice were used in all experiments. Mice of either sex and wherever possible same sex littermates were used in these studies.
RNA isolation and qPCR
Mice were euthanized by open-drop exposure to isoflurane and cervical dislocation. The brains were extracted in ice-cold PBS, various brain regions were dissected and flash frozen in liquid nitrogen. The tissue was then homogenized in TRIzol reagent (Thermo Fisher Scientific) and total RNA and RNA from mouse neural stem cells (mNSCs) were isolated with Aurum Total RNA Mini kit (Bio-Rad) according to the manufacturer's instructions. All RNA was reverse transcribed using High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). Transcript levels were quantified by qPCR using KAPA SYBR Fast Universal kit (Sigma-Aldrich). The amplified genes were normalized to tata-binding protein (Tbp). Primer sequences are provided in Table 1 .
Immunohistochemistry
Mice were euthanized as described above and the brains were dissected in ice-cold PBS and then fixed overnight in 4% paraformaldehyde (PFA). Fixed brains were washed with PBS and incubated overnight in 30% (w/v) sucrose before embedding in Optimal Cutting Temperature compound (OCT). All mouse brain tissue was cryo-sectioned into 15-m-thick sections, which were air dried before use. Unless noted otherwise, sagittal section from comparable lateral regions within a third from the midline were used.
For Nissl staining, sections were placed in 0.1% cresyl violet solution for 10 min at 37°before rinsing them in distilled water and then differentiated in 95% ethyl alcohol for 15 min. The sections were then dehydrated in 100% alcohol twice for 5 min. The sections were cleared in xylene twice for 5 min before mounting. mNSCs were grown on poly-D-lysine coated glass cover slips, whereas COS-1 cells were grown on noncoated cover slips. Both cell types were fixed for 15 min in 4% PFA before proceeding with immunofluorescence staining.
For immunofluorescence sections or cells were rinsed in PBS then blocked for 45 min in in 0.1% Triton X-100, 10% BSA in PBS at room temperature. Sections were then incubated overnight at 4°C with primary antibodies. They were washed in PBS and incubated at room tem-perature for 1 h with species-appropriate Alexa Fluor or cyanine dye conjugated secondary antibodies and Hoechst 33258 (Sigma) and mounted with Vectashield anti-fading mounting medium (Vectorlabs). The antibodies used are provided in Table 2 . Images were obtained with a Zeiss LSM 710 confocal or Zeiss Axio Observer microscope. Immunohistochemistry images were analyzed with CellProfiler 3.0 software (www.cellprofiler.org; Broad Institute; Carpenter et al., 2006) and bin analysis, where the thickness of the cortex was divided into 40 equal intervals, was done with KNIME Analytics Platform (www.knime.com; Berthold et al., 2009) 
Electrophysiology
For whole-cell patch-clamp experiments, mice (P14 -P21) were euthanized as described above, and the brain rapidly removed to ice-cold oxygenated (95%O 2 /5%CO 2 ) artificial CSF (ACSF; 128 mM NaCl, 4 mM KCl, 21 mM NaHCO 3 , 0.5 mM NaH 2 PO 4 , 30 mM glucose, 1 mM MgCl 2 , and 1 mM CaCl 2 ; pH 7.2; 290 -300 mOsm/l). Coronal brain slices of 350 m containing the cerebral cortex at the emergence of the dorsal hippocampus were cut using a vibrating microtome (VT1000S; Leica). Slices were stored and allowed to recover at room temperature in a submerged chamber in oxygenated standard ACSF (same composition as dissection ACSF, except that CaCl 2 was at a concentration of 2 mM) for at least 1 h before experimentation. The slices were then transferred to a submersion chamber that was perfused with the oxygenated ACSF at 31°C for whole-cell recording. The cortex primary neurons were visually identified by their pyramidal shape and regular spikes with an up-right infrareddifferential interference contrast (IR-DIC) microscope (Olympus BX51WI) and captured with a CoolSNAP EZ with SSD ICX285 (Photometrics) video camera. Spontaneous IPSCs and EPSCs were recorded by using patch clamp technique in a whole-cell configuration. Patch electrodes were fabricated from borosilicate glass capillaries with an outer diameter of 1.5 mm (Sutter Instruments) using an automated puller (PC-10; Narishige). The internal pipette solution for studying excitatory synapses contained 130 mM K-methylsulfate, 5 mM NaCl, 1 mM CaCl2, 20 mM HEPES, 0.5 mM EGTA, 3 mM Mg-ATP, and 0.4 Table 1 
. Primer sequences of the primers used for qPCR
Gene name
Forward primer sequence Reverse primer sequence
TGAGGCCTCCTCTCACAAGTA CCGCACGACATCTAGGACTG mM Na 3 GTP-GTP (Devlin et al., 2015) . The solution for studying inhibitory synapses was composed of 135 mM Cs-MeSO 4 , 10 mM CsCl, 10 mM HEPES, 0.5 mM EGTA, and 4 mM Mg-ATP. Pipette solutions were freshly made and filtered (0.1 m), osmolarity was 295-305 mOsmol, and pipette resistance was 5-7 M⍀.
To separate IPSCs and EPSCs (typically throughout the entire experiment), different holding potentials were applied (Vh ϭ 0 and Vh ϭ Ϫ60 or Ϫ70 for IPSCs and EPSCs, respectively. All recordings were performed using a Mul-tiClamp 700B amplifier (Molecular Devices). Recordings and pre-processing of data were made with WinWCP (University of Strathclyde). The signals were typically lowpass filtered with a corner frequency (Ϫ3 dB) of 3 kHz and sampled at 6 kHz by DigiData 1322A (Molecular Devices).
Data analysis was performed with p-CLAMP 10 (Molecular Devices) and OriginLab 8 (OriginLab Corp.). sPSCs were detected with a threshold of 5-7 pA, depending on the noise level via template-based algorithm and by visual verification. Analyses of the kinetic properties of sPSCs included only well separated (interevent intervals Ͼ40 ms), monophasic PSCs which appeared to rise in a monotonic fashion without visible deviation of the rising phase and which decayed exponentially. The rise and decay time courses of individual PSCs were estimated by curve fitting with the exponential function:
where A(t) is the current as a function of time, A 0 is the maximum amplitude of the event (determined as the maximum current of the selected event/response), is the time constant, RISE for event's rise phase and DECAY for decay phase
Differentiation of mNSCs line
Primary mNSC lines isolated from dissected forebrain of E14.5 embryos from Tiparp ϩ/ϩ and Tiparp -/mice were established and cultured as described previously (Pollard, 2013) . In brief, the forebrain was dissected out in dissection solution (137 mM NaCl, 5.4 mM KCl, 0.17 mM Na 2 HPO 4 , and 0.22 mM KH 2 HPO 4 ) and the meninges were removed. Each forebrain was kept separately in 1ml of Accutase and put at 37°C for 30 min and triturated with a pipette half way through the incubation. The cells were then triturated again to obtain an almost a single cell suspension in 1 ml of culture medium [DMEM/F12 supplemented with 1% penicillin/streptomycin (P/S), 2% B27, 10 ng/ml EGF, 10 ng/ml FGF, and 2.5 U/ml heparin] and centrifuged 100 ϫ g for 4 min. The pellet was then resuspended in 1ml of culture medium and the non-digested tissue was left to settle by gravity for about 1 min. Cell suspension was then plated in a well of a 12-well plate. The cells were cultured as a monolayer with laminin. Differentiation of the mNSCs in the three lineages was done as previously described (Conti et al., 2005; Glaser et al., 2007; Pollard, 2013) . Briefly, for neuronal differentiation cells were placed in culture medium lacking EGF for a week before changing to complete neurobasal medium (neurobasal medium containing 1% P/S, 2% B27, and 1% GlutaMAX). Experiments were done after a total of 14 d of differentiation and were maintained in complete neurobasal medium supplemented with 2 ng/ml BDNF (Peprotech). To differentiate the cells into astrocytes they were placed in DMEM containing 1% GlutaMAX, 1% P/S, and 20% fetal bovine serum for 7 d before starting the experiments. Lastly, for oligodendrocyte differentiation cells were cultured for 4 d in DMEM/F12 containing 1% P/S, 2% B27, 10 ng/ml FGF, 2.5 U/ml heparin, 10 ng/ml PDGFAA (Peprotech), and 10 M forskolin. This is to support the glial precursor stage. To then induce differentiation, growth factors were withdrawn and cells were exposed to 30 g/ml 3'3'5-triiodo-L-thyronine and 200 M ascorbic acid (Sigma) for 4 d. All cell culture reagents were purchased from Thermofisher Scientific, unless stated otherwise.
Cell proliferation and cell death assays
Cell proliferation was assessed by methylene blue colorimetric assay as previously described (Pelletier et al., 1988) . In brief, for each cell line and timepoint cells were seeded in five wells of a 96-well plate and fixed with 4% PFA for 15 min at room temperature at the indicated timepoints. They were then gently washed with PBS and incubated with methylene blue solution (1% w/v methylene blue in 0.1 M borate buffer; pH 9) for 30 min at room temperature. The excess dye was washed off with four rinses in 0.01 M borate buffer pH 9. The methylene blue was extracted using a 1:1 v/v of ethanol: 0.1 M HCl. The optical density was read at 650 nm with a SynergyH1 microplate reader.
Cell death was assessed by adding 1 g/ml Hoechst 33258 to the cell culture media for 1.5 h and then adding 5 g/ml propidium iodine and incubating for a further 30 min. The cells were then imaged with a Zeiss Axio Observer microscope and the ratio of live to dead cells calculated with CellProfiler 3.0 software (www.cellprofiler.org; Broad Institute; Carpenter et al., 2006) .
Cell migration was assessed by a scratch assay modified from a previous study (Liang et al., 2007) . For each cell line and timepoint, five wells of a 24-well plate each containing custom made 1 ϫ 5 ϫ 1 mm silicon inserts. Once the cells were confluent the insert was removed and the cells were placed back into an incubator. At the various timepoints the cells were fixed for 15 min at room temperature with 4% PFA and rinsed with PBS. The scratch was imaged with a Zeiss Axio Observer microscope by phase contrast. The images were then analyzed using the Fiji software (https://fiji.sc/; Schindelin et al., 2012) .
Cell-cycle analysis
Cell-cycle analysis was performed by DNA staining of cells followed by flow cytometry. Approximately one million cells per mNSCs line were resuspended by adding 1-ml methanol at -20°C drop by drop while vortexing. Cells were incubated for at least 1 h at -20°C, then 3 ml of PBS were added, and the cells were spun at 200 ϫ g for 3 min. The cell pellet was resuspended in 500 ml of PBS containing 1.5 mg/ml of Hoechst 33258. After 30 min, the cells were strained and analyzed by flow ytometry.
Immunoprecipitation
Mono-ADP-ribosylation (MAR) of ␣-tubulin was verified by immunoprecipitation as previously described (Hutin et al., 2018a) . In brief, mNSCs were harvested and the cell pellet was lysed in cell lysis buffer mNSCs (200 mM NaCl, 1% NP40, and 20 mM HEPES at pH 7.4, supplemented with protease inhibitor cocktail; Sigma). Lysates were clarified by centrifugation and the supernatant was incubated for 2 h with anti-␣-tubulin (Sigma) antibody and protein G Dynal beads (Thermo Fisher). The beadantibody-protein complex was then washed three times for 5 min in wash buffer (200 mM NaCl, 0.1% NP40, and 20 mM HEPES at pH 7.4, supplemented with protease inhibitor cocktail; Sigma). The proteins were then eluted from the beads with 2ϫ Laemmli buffer and separated by SDS-PAGE and transferred to PVDF membranes. Membranes were probed with anti-mono-ADP-ribose-binding reagent (Millipore) followed by incubation with the appropriate secondary antibody. A list of all antibodies is provided in Table 2. COS-1 cells were transfected with 2 g of EGFP, GFP-Tiparp, or GFP-Tiparp H532A plasmids (MacPherson et al., 2013) per well of a six-well plate using Lipofectamine 2000 reagent according to the manufacturer's instructions. The next morning, cells were harvested, protein extracts were made and the immunoprecipitation was conducted as described above.
Statistical analyses
All data were presented as means and SEM. A twotailed Mann-Whitney post hoc, a Kruskal-Wallis one-way ANOVA test followed by a Dunn's multiple comparison, a two-way ANOVA test or Student's t test were used to assess statistical significance (p Ͻ 0.05). U values for the Mann-Whitney test are reported in the Extended Data Figures 1-1, 4-1 , 5-1.
Results
Tiparp mRNA expression levels were analyzed in the cortex, hippocampus, cerebellum and midbrain of two-to four-month-old C57BL/6N mice, as well as in the liver for comparison. High mRNA levels were observed in the cortex and hippocampus compared with the liver (ϳ4 and 3.8 times higher than in liver, respectively) as well as in the brainstem, which included the diencephalon, and the cerebellum, albeit at lower levels (2.5 and 2 times higher than in liver, respectively; Fig. 1A) . To establish the role of Tiparp in the brain, we performed histologic analysis on the cerebral cortex of Tiparp -/and Tiparp ϩ/ϩ mice at two to four months of age. The distribution of cells along the thickness of the cortex was analyzed by determining the y-position of each Nissl-stained cell in comparable sagittal brain sections followed by data binning. Tiparp -/mice had a significantly higher percentage of cells in the upper layers of the cortex compared with the lower ones (Fig.  1B) . Neuronal-specific NeuN staining suggested that the aberrant distribution of cells along the height of the cortex was due to mislocalization of neurons. Tiparp -/mice had significantly more NeuN-positive cells in the upper layers at the expense of the lower ones compared with Tiparp ϩ/ϩ mice (Fig. 1C ). Despite the differences in the cell distribution, they had comparable total cell numbers throughout the thickness of the cortex (Fig. 1B,C, lower  panels) .
The majority of the differences in cell distribution along the thickness of the cortex were observed around bins 5-15 ( Fig. 1A,B ). Because of this observation, we then investigated whether this aberrant organization of the neurons along the cortex was due to impaired migration of the neurons from the deep layers to the upper layers during development. Thus, we analyzed the expression of a specific Layer V marker, Ctip2 (Chen et al., 2008) . The cortex of Tiparp -/mice had significantly less Ctip2positive cells in the middle of the cortex (bins 15-20), but more in the lower third of the cortex compared with Tiparp ϩ/ϩ ones (Fig. 1D) . To further show disorganization of the cortex we also stained for Satb2, which is expressed in all, but predominantly, layers in II-V (Chen et al., 2008; Huang et al., 2013) . The cortex of Tiparp ϩ/ϩ mice had more Satb2-positive neurons in bins 15-35 and significantly less in bins 35-40 compared with Tiparp -/mice ( Fig. 1E ). Taken together, these data suggest that the loss of Tiparp causes aberrant positioning of various neuronal subtypes across all layers and the entire thickness.
As TCDD has been previously shown to affect GABAergic neurons and TCDD increases Tiparp expression via Ahr, we investigated whether loss of Tiparp had any effects on GABAergic neurons and their distribution. The majority of these neurons in the cortex can be divided into subtypes based on the differential expression of calcium binding proteins: calbindin, calretinin or parvalbumin (Condé et al., 1994; del Río and DeFelipe, 1996; Gabbott and Bacon, 1996) . Sagittal brain sections from Tiparp ϩ/ϩ and Tiparp -/mice were stained for the three calcium binding proteins. Tiparp -/mice had significantly lower (29%) calretinin and lower (40%) parvalbumin-positive neurons, but higher calbindin (148%) expressing cells compared with Tiparp ϩ/ϩ littermates ( Fig. 2A,C) . Perineuronal nets (PNNs) are extracellular matrix structures that preferentially surround parvalbumin expressing GABAergic neurons (Kosaka and Heizmann, 1989; Härtig et al., 1992) . We then investigated if the decrease in parvalbumin expressing neurons correlated with a decreased formation of PNNs. Tiparp -/mice had lower number of cells (49%) surrounded by these structures (Fig. 2B,C) . However, whether loss of PNNs was due to a direct effect of Tiparp on the extracellular structures or whether this was due to a decrease in parvalbumin-positive neurons remains to be studied. Taken together, these data suggest that Tiparp affects the number and correct distribution of GABAergic neurons in the cortex.
To determine whether Tiparp loss impaired neuronal networks and interfered with the excitability of cortical pyramidal neurons and the alternation of cortical microcircuitry, we did whole-cell patch-clamp recordings. Specifically, we investigated the characteristic currentϪvoltage (I-V) curves from action potentials to assess the firing rate of pyramidal neurons and assessed the minimal current injection required to trigger enough membrane depolarization for the cells to generate an action potential. Both EPSCs and Figure 1 . Tiparp is highly expressed in the adult mouse brain and its depletion leads to aberrant layering. A, qPCR of Tiparp gene expression levels in cortex, cerebellum, hippocampus (hippocam.) and brainstem (brainst.), which also included the diencephalon relative to liver (n ϭ 3). B-E, Representative stainings of comparable sagittal sections from Tiparp ϩ/ϩ and Tiparp -/mouse cortex followed by automated counting of cells and distribution analysis along the y-axis of the cortex. Graphs below B, C show the total number of cells (B) and NeuN-positive cells (C) in the area analyzed. B, Nissl staining in adult mouse (n ϭ 5). C, Neurons stained with NeuN in the adult mouse (n ϭ 3). D, Ctip2 staining of neurons in Layer V in P5 mouse (n ϭ 3). E, Satb2 staining predominantly of neurons in Layers II-V in P5 mouse (n ϭ 3). Percentage of cells refers to the percentage of cells in a bin relative to the total number of cells in the area analyzed. The asterisk denotes significant differences between the wild type and the knock-out (‫ء‬p Ͻ 0.05 or ‫‪p‬ءء‬ Ͻ 0.005), within the delimited bin range, according to a two-tailed Mann-Whitney test. U values for the Mann-Whitney test can be found in Extended Data Figure 1-1 . Non-significance is denoted with n.s. Data are mean Ϯ SEM. The n number refers to the number of mice in each group, for panels B-E, multiple sections of each mouse brain were analyzed, but statistics was done per animal.
IPSCs were recorded. However, no significant differences were observed in any of these parameters between neurons isolated from Tiparp -/and Tiparp ϩ/ϩ mice (Fig.  3A-F) . The resting potential of the cells was also measured and it showed hyperpolarization of Tiparp -/neurons compared with those from Tiparp ϩ/ϩ mice (Fig. 3F ), suggesting alterations in function and/or number of ion channels.
To elucidate the developmental mechanisms underlying the aberrant distribution of neurons in the cortex, and to understand whether the observed phenotype was due to aberrant differentiation, proliferation or migration of developing neurons, we isolated mNSCs from both Tiparp ϩ/ϩ and Tiparp -/littermates. Three independent lines were established from two litters. There were no significant differences in the expression of the basic NSC markers at either mRNA level (SOX2, PAX6, Nestin) between genotypes. mNSCs derived from both genotypes expressed comparable protein levels of SOX2 and Nestin (Fig. 4A ). Both Tiparp ϩ/ϩ and Tiparp -/-mNSCs differentiated into the three neural lineages: neurons, astrocytes and oligodendrocytes. Differentiation into neurons resulted in increased RNA expression levels of the neuronal markers Tubb3, Nfh, and Dcx compared with mNSCs. However, no significant differences in these markers were observed between genotypes (Fig. 4B) . Astrocyte differentiation resulted in increased RNA expression levels of astrocyte-specific markers compared with undifferentiated cells (Fig. 4C ). Of the three markers examined, we only observed significant increases in Blbp RNA levels between Tiparp -/and Tiparp ϩ/ϩ cells. For oligodendrocyte differentiation, significant increases in Pdgfra and Ng2 were observed in both genotypes compared with undifferentiated cells. The oligodendrocyte marker, Ng2, was significantly increased at the RNA level in Tiparp -/compared with Tiparp ϩ/ϩ cells (Fig. 4D) . Olig1 RNA levels were significantly lower in Tiparp -/compared with Tiparp ϩ/ϩ mNSCs. Olig1 levels were significantly decreased in differentiation to oligodendrocytes in Tiparp ϩ/ϩ cells, but unchanged in Tiparp -/cells. At protein level, Tiparp -/-mNSCs differentiated into the three lineages express the typical markers, suggesting that even in the absence of Tiparp the cells retain their differentiation potential ( Fig. 4B-D) . Tiparp mRNA levels were significantly downregulated during neuronal cell differentiation, whereas they were significantly upregulated on astrocyte differentiation (Fig. 4E) . No changes were observed when cells were differentiated toward the oligodendrocyte lineage (Fig. 4E ). This suggested that Tiparp expression is regulated during neuronal and astrocytic differentiation and it is involved in the regulation of specific genes involved in differentiation, but it is not a master regulator of neuronal stem cell differentiation.
Next, we assessed the proliferation rate of Tiparp ϩ/ϩ and Tiparp -/-mNSCs by conducting a methylene blue assay. Indeed, despite having plated the same number of cells after 72 h, Tiparp -/-mNSCs had proliferated significantly less than the Tiparp ϩ/ϩ cells (Fig. 5A ). Since no differences in propidium iodine staining were observed between the two genotypes, increases in cell death could not be explained by the slower growth rate of the Tiparp -/cells (Fig. 5B) . We then stained the cells with Hoechst 33342 and subjected them to flow cytometry to determine the percentage of cells in each phase of the cell-cycle cell. curves: the inward currents (S1 for the rise and S2 for the decay period; left and middle panel, respectively) and the entire outward currents (slope S3; right panel). These are all calculated for each recording independently. The box represents the data between the second and third quartile, the whiskers represent the range within the 1.5 interquartile range. The black square is the mean and the line within the box is the median value. Current (norm.) is the normalized current expressed in arbitrary units. B, Frequencies of action potential firing during step membrane depolarization are similar for Tiparp ϩ/ϩ and Tiparp -/neurons. Concatenated curves (left panel) and the averaged curves of the individual cells (right panel) for depolarization dependent frequencies of action potential firing of Tiparp ϩ/ϩ and Tiparp -/neurons. The allometric function fittings f(x) ϭ a‫ء‬x^b, where a and b are parameters, were also plotted on the graphs. C, Minimal current injection required to trigger enough membrane depolarization for the cells to generate an action potential firing. Distribution curves and histograms of concatenated data of current injections in Tiparp ϩ/ϩ and Tiparp -/cells needed for action potential (AP) generation calculated for bin ϭ 10 pA (left panel) and bin ϭ 20 pA (middle panel) step size. The y-axis represents the fraction of cells depolarized by a given current injection (x-axis) sufficient for AP firing. Most of cells start AP firing when depolarized by a 40-to 80-pA current injection. The right panel is a box plot of the concatenated data that a cell generates an AP under the given minimal current injection. The data does not show normal distribution. D, The left panel shows the distribution curves for concatenated data of the resting potential of the patched cells and expressed as the probability to observe a defined resting potential. The graphs represent the Gaussian curves for the data grouped by three different bin sizes. The right panel shows a box chart of the concatenated data of resting potential within the entire data range, the whiskers represent the range within the 1.5 interquartile range. The black square is the mean and the line within the box is the median value. The cycle analysis revealed a significantly lower percentage of Tiparp -/cells in the S-phase, which was accompanied by a slightly higher percentage of cells in G 0 /G 1 and G 2 /M phases compared with Tiparp ϩ/ϩ cells (Fig. 5C ). To verify this further, mNSCs in mitosis were analyzed in vivo in comparable coronal sections of the prefrontal cor- ; D) . E, Tiparp gene expression levels in Tiparp ϩ/ϩ mNSCs and in cells differentiated toward the three neural lineages, as ‫‪p‬ءءء(‬ Ͻ 0.001 or ‫‪p‬ءء‬ Ͻ 0.005) between the genotypes determined by a two-tailed Mann-Whitney test (A, E; U values can be found in Extended Data Fig. 4-1) or a two-way ANOVA (B-D). Non-significance is denoted by n.s., and # represents statistical significance (at least p Ͻ 0.05) between undifferentiated and differentiated cells (B-D). tex from Tiparp ϩ/ϩ or Tiparp -/-E13.5 mice stained with an anti-phosphorylated histone H3 antibody (serine 10). Histone H3 is specifically phosphorylated during mitosis where metaphase chromosomes are phosphorylated and on exit of the cell cycle a global dephosphorylation of H3 occurs (Hans and Dimitrov, 2001) . As expected, prefrontal cortex in Tiparp -/mice had significantly higher levels of phospho-histone H3-positive cells compared with their Tiparp ϩ/ϩ littermates. Interestingly, both the ventricular and aventricular mNSC populations were increased in the Tiparp -/mice, but the ratio of the two populations was the same in both genotypes (Fig. 5D ). Taken together, these data suggest a mitotic defect with abnormal cellcycle progression resulting in a lower proliferation rate in the absence of Tiparp. Furthermore, our findings are consistent with a previous report showing that TIPARP knock-down in HeLa cells results in higher phosphohistone H3 staining and an increased length of premetaphase mitosis (Vyas et al., 2013) .
In vitro migration assays of NSCs can be an indication of whether migration could also be affected in vivo. Thus, we assessed the effect of Tiparp loss on mNSC migration capabilities with a scratch assay. Six hours after the scratch through the center of confluent cells, Tiparp ϩ/ϩ mNSCs covered ϳ28% of the scratch versus only 18% covered by the Tiparp -/cells. This difference increased after 24 h, by which time, Tiparp -/cells covered 31% of the scratched area while the Tiparp ϩ/ϩ mNSCs covered 73% (Fig. 5E ). Although the molecular mechanisms underlying the aberrant distribution of neurons in the cortex remain unknown, our data suggest that cell cycle/proliferation and cell migration are two processes affected by the absence of Tiparp which could contribute to the observed phenotype.
Since previous studies reported a link between ␣-tubulin and abnormal migration of cortical neurons (Keays et al., 2007; Li et al., 2012) and ␣-tubulin was recently reported to be ADP-ribosylated (Larsen et al., 2018) , we explored the possibility that the defects in correct cell layering in the cortex of Tiparp -/mice were due to altered regulation of ␣-tubulin which in turn led to abnormal migration. Western blot analysis showed a significant decrease in the levels of MAR of immunoprecipitated ␣-tubulin in Tiparp -/cells compared with Tiparp ϩ/ϩ cells (Fig. 6A ). We next transfected COS-1 cells with GFP-Tiparp or a catalytically deficient TIPARP, GFP-Tiparp H532A , and repeated the ␣-tubulin immunoprecipitation to verify that it the MAR was Tiparp-dependent. Transfection of GFP-Tiparp in COS-1 cells followed by ␣-tubulin immunoprecipitation showed an increase in MAR compared to cells transfected with GFP alone or with the GFP-Tiparp H532A (Fig. 6B) . The different levels of protein expression detected between wild-type Tiparp and the Tiparp H532A catalytic mutant was due to the increased stability of the latter (MacPherson et al., 2013) . To show co-localization of Tiparp with tubulin GFP, GFP-Tiparp and GFP-Tiparp H532A were transfected in COS-1 cells and then immunostained with ␣-tubulin. Colocalization was observed in the cells bearing the GFP-Tiparp plasmid, but this was independent of Tiparp catalytic . E, Scratch assay to assess migration capabilities of Tiparp ϩ/ϩ and Tiparp -/-mNSCs. Data are mean Ϯ SEM. The asterisk denotes significant differences between the wild type and the knock-out (p Ͻ 0.05) with a two-way ANOVA (A, C, D, right panel, E) or a Mann-Whitney test (B, D, middle; U values can be found in Extended Data Fig. 5-1) . Non-significance is denoted by n.s. activity, since colocalization between ␣-tubulin and GFP-Tiparp H532A was also observed (Fig. 6C) . Taken together, these data suggest that Tiparp plays an important role to MAR of ␣-tubulin.
Discussion
In this study, we demonstrate that Tiparp affects neural progenitor cell proliferation and migration, and its loss leads to aberrant organization of the mouse cortex. Although mild, the phenotype of the Tiparp -/mice suggests that alterations in Tiparp expression or function could increase susceptibility to a wide range of both developmental and degenerative neurologic diseases.
We show that Tiparp -/mice have less PNNs, which are structures responsible for synaptic stabilization. This observation agrees with a study which used LTP in rats as a cellular model of learning and memory that identified Tiparp as a highly upregulated gene and essential for the maintenance long-lasting LTP, suggesting a close association with plastic changes in the synaptic efficacy. This is achieved by the induction of structural alteration in the synaptic connections and their deep restructuring (Matsuo et al., 2000) . However, whether this loss of PNNs is due to the loss of Tiparp is unknown but it does also suggest aberrant synaptic plasticity. Figure 6 . Tiparp ADP ribosylates ␣-tubulin. A, Protein extracts from Tiparp ϩ/ϩ and Tiparp -/-mNSCs immunoprecipitation of ␣-tubulin followed by western blot against MAR. Total protein extracts were also immunoblotted against acetylated ␣-tubulin and ␣-tubulin. The right panel shows densitometry analysis of the relative intensity of the MAR band normalized to ␤-actin (top graph) and relative intensity of the acetylated ␣-tubulin, ␣-tubulin in the totals normalized to ␤-actin as well as the acetylated ␣-tubulin to ␣-tubulin ratio (ratio; bottom panel). B, Cell extracts from COS-1 cells overexpressing GFP, GFP-Tiparp or the catalytic mutant GFP-Tiparp H532A (labeled GFP-TiparpH532A) were immunoprecipitated with ␣-tubulin and immunoblotted against MAR and GFP to show coprecipitation of ␣-tubulin and Tiparp. C, Cos-1 cells overexpressing GFP, GFP-Tiparp, or GFP-Tiparp H532A and stained for ␣-tubulin. Data are mean Ϯ SEM. The asterisk denotes significant differences between the wild type and the knock-out (‫ء‬p Ͻ 0.05 and ‫‪p‬ءء‬ Ͻ 0.005) calculated with an unpaired t test (A, top panel), a two-way ANOVA (A, bottom panel), or an ordinary one-way ANOVA (B). Non-significance is denoted by n.s. Furthermore, adult Tiparp -/mice exhibited atypical laminar organization of the cortex with increased number of cells, and specifically neurons, in the upper layers of the cortex. Reduced staining for specific cortical layer markers was especially evident in Layer V of Tiparp -/mice brains. Differentiation and migration of neuronal progenitors during the development of the neocortex is temporally controlled with the migration of cells to specific laminar layers occurring in an inside-out manner. Our findings suggest that Tiparp influences neuronal cell-class determination (layer destination of projection neurons) through regulation of the cell cycle and migration. Furthermore, the Tiparp -/mice showed differences of GABAergic neuron distribution with lower amounts of calretinin and parvalbumin-positive interneurons, but higher numbers of calbindin-expressing neurons. The molecular mechanisms underlining this observation remain to be determined.
Ahr influences the migration and differentiation of neurons and specifically of GABAergic neurons (Huang et al., 2004; Qin and Powell-Coffman, 2004) . Other studies report that activating the Ahr pathway in mice alters differentiation patterns of neural progenitors and leads to decreased numbers of non-GABAergic projection neurons and thinner deep neocortical layers due to the nuclear accumulation of cyclin-dependent kinase inhibitor p27 Kip1 (Kolluri et al., 1999; Mitsuhashi et al., 2010) . Moreover, the absence of Ahr expression compromises GABAergic neuron cell differentiation in the ventral telencephalon (Huang et al., 2004; Gohlke et al., 2009 ). Tiparp expression is induced by Ahr, which in turn regulates Ahr signaling as part of a negative feedback loop (MacPherson et al., 2013; Grimaldi et al., 2018) . Therefore, loss of Tiparp could result in hyperactivation of Ahr signaling, which could partly explain our findings. Alternatively, Tiparp may function in the brain on activation of the Ahr pathway and subsequently target critical proteins in different pathways thus acting as an important downstream regulator of Ahr. Tiparp has been described as both a modulator and cross-pathway mediator of innate immunity. Constitutive Ahr signaling targets Tiparp which in turn mono-ADP ribosylates TBK1, thus suppressing the TBK1-mediated pathway that is essential for interferon induction and the innate immune response (Yamada et al., 2016) .
However, Tiparp could also function independently of Ahr. Its expression can be induced by other nuclear receptors important in neuronal development such as glucocorticoid receptor and platelet-derived growth factor receptor (Schmahl et al., 2008; Chinenov et al., 2014) . Indeed, in utero exposure to synthetic glucocorticoids results in aberrant distribution of neurons throughout the cortex, similar to what we report in this study (Tsiarli, 2014) . The complex cytoarchitecture and laminar organization of the cerebral cortex are the result of several processes including neurogenesis, neuronal migration and differentiation. Cortical malformations often show abnormalities in all three processes, because genes involved in one of these processes often affect the other two (Manzini and Walsh, 2011) . Cytoskeletal components, such as ␣-tubulin are key regulators of all aspects of neuronal differentiation have been associated with cortical malformations (Francis et al., 2006; Kerjan and Gleeson, 2007; Lian and Sheen, 2015) . Tuba1a mutant mice have defects associated with cortical Layers II/III and IV and aberrant neuronal migration (Keays et al., 2007) . A recent study reported that ␣-tubulin is mono-ADP ribosylated; however, the enzyme responsible for this posttranslational modification of ␣-tubulin was not reported (Larsen et al., 2018) . Here, we provide evidence that Tiparp contributes to the MAR ␣-tubulin. Loss of Tiparp expression or its catalytically activity resulted in a significant decrease in mono-ADP-ribosylated ␣-tubulin. Since tubulin is regulated by many other mechanisms and other posttranslational modifications, the defects we observed were not as severe as those described in the Tuba1a mutant mice (Keays et al., 2007; Kumar et al., 2010; Magiera and Janke, 2014) . Collectively, our results suggest that Tiparp plays a role in the development of the cerebral cortex. Further studies are needed to fully characterize its mechanism of action and to dissect the pathways involved in this regulation.
